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The retroviral RNA genome is targeted for incorporation into the nascent virion particle by the c region, a specific
block of RNA sequences near the 59 end. A number of deletions and linker insertion mutations were introduced into the
c region of cloned DNA of the Moloney murine leukemia virus, and the mutants were introduced into cells in culture and
tested for their ability to direct the assembly of virions and the packaging of viral RNA. Only a small portion of the c
region was important for packaging, containing the so-called stem-loops C and D. Additional mutants were used to
demonstrate that the base pairing of stem D, and the sequence of loop D, were essential for normal packaging of the
RNA. Two mutants with alterations near the 59 splice donor were also replication-defective, probably due to effects on
gene expression. The results allow a high-resolution definition of the RNA structures required during virus replication
in culture. © 1998 Academic Press
The genome of all retroviruses consists of a single-
stranded RNA with the features of a conventional
mRNA: a cap structure at the 59 end and a poly(A) tract
at the 39 end. The RNA is transcribed from the provirus
in the nucleus of the infected cell, transported without
splicing to the cytoplasm, and encapsidated into the
nascent virion particle during its assembly (see Linial
and Miller, 1990; Berkowitz et al., 1996, for reviews).
The virion particles contain two copies of the single-
stranded RNA genome packaged into the core in a
dimeric structure, in which the 59 ends of the RNAs are
associated by noncovalent interactions (Bender and
Davidson, 1976). The RNAs are first found in a loosely
associated dimer, which can be dissociated under
relatively mild denaturing conditions, and then, after
maturation of the virions, in a more tightly bound form
that can be dissociated only under harsher conditions
(Fu and Rein, 1993). Although the viral RNA is only a
small portion of the total host mRNA present in the
cytoplasm, it is packaged with such selectivity that it
represents the major RNA in the completed virion
particle.
The RNA genome is thought to be incorporated into
the virion by specific interactions between the viral
Gag precursor protein, especially the NC (nucleocap-
sid) domain, and a region near the 59 end of the RNA,
variously termed the packaging (c) or encapsidation
(E) sequences (Watanabe and Temin, 1982; Mann et
al., 1983; Pugatsch and Stacey, 1983; Katz et al., 1986;
Adam and Miller, 1988; Lever et al., 1989). In the case
of Moloney murine leukemia virus, the c region impor-
tant for packaging was first identified in an analysis of
a mutant genome containing a 350-nt deletion in the 59
proximal region (Mann et al., 1983). This mutation had
no effect on the expression of the essential viral gene
products or the assembly of virion particles, but re-
duced the level of incorporated viral RNA by several
hundred fold. When this region (nt 212 to 563 from the
59 cap) was excised and reinserted at the 39 end of the
genome, the selective incorporation of the mutant RNA
was substantially, though not completely, restored
(Mann and Baltimore, 1985). Analyses suggested that
sequences essential for packaging did not lie in the
39-proximal 150 nt of this deletion, beyond nt 400
(Schwartzberg et al., 1983). The c region was sufficient
to specify the incorporation of a nonviral RNA into the
virion (Adam and Miller, 1988). However, mutations in
regions far downstream of c (in the so-called Gag1
region; Armentano et al., 1987; Bender et al., 1987;
Adam and Miller, 1988) and upstream (in the U5 re-
gion; Murphy and Goff, 1989) could also affect the
efficiency of packaging.
Analysis of the conservation of sequences in the
murine and related viral RNAs, coupled with RNA fold-
ing predictions based on the energetics of base pair-
ing, lead to the suggestion that several stable stem-
loop structures could form in the 59 portion of the RNA
(Konings et al., 1992; Katoh et al., 1993; Yang and
Temin, 1994). Direct examination of the sensitivity of
the MuLV RNA to chemical modification indicated that
1 To whom correspondence and reprint requests should be ad-
dressed. Fax: (212) 305-8692.
VIROLOGY 244, 133–145 (1998)
ARTICLE NO. VY989090
0042-6822/98 $25.00
Copyright © 1998 by Academic Press
All rights of reproduction in any form reserved.
133
the region was highly ordered, but could adopt alter-
nate conformations that could be correlated, in part,
with the formation of dimeric RNA structures (Alford
et al., 1991; Tounekti et al., 1992). Though these vari-
ous studies were not in complete agreement,
they confirmed the existence of several conserved
stem-loops in the c region. Similar studies indi-
cated highly ordered structures both upstream of c, in
R-U5, and downstream, in Gag (Mougel et al., 1993). A
set of four of these stem-loops were then specifically
shown to be important for c function: deletions of any
one of four reduced packaging modestly, while dele-
tion of the 39-most pair (termed C and D; nt 310–352
and 355–374) profoundly reduced the levels of RNA
incorporated into virion particles (Mougel et al., 1996).
Deletions of the 59-most stem-loops also impacted
on the efficiency of RNA splicing and reverse tran-
scription.
To probe the functions encoded in the 59 end of the
Moloney MuLV RNA, we have performed additional
mutational analyses of this region. A number of dele-
tions, linker insertion, and substitution mutations were
introduced into a cloned proviral DNA, and the altered
DNAs were tested for their biological activity in cul-
tured cell lines. The results suggest that much of the
59 untranslated region is nonessential and support the
previous findings that stem-loops C and D are crucial
for packaging. Substitution mutations affecting one
side of a stem, and compensating mutations in the
other side that restore base pairing, were similarly
analyzed. The results show that a properly base-
paired stem of stem-loop D, and the sequence of the
loop, are crucial for virus replication.
RESULTS
Construction of mutant DNAs by linker insertion and
test for virus viability
The segment of the Moloney MuLV RNA important
for packaging has been previously localized to the
sequences near the 59 end of the molecule (Mann et
al., 1983; Mougel et al., 1996). To generate a panel of
linker insertion mutations in this region, a fragment of
proviral DNA (SmaI to ApaLI; bp 31–431) was sub-
cloned into a plasmid vector, and the resulting DNA
was linearized by partial digestion with a panel of
restriction enzymes. The full-length or nearly full-
length species were isolated, XbaI linkers were added
to the termini with DNA ligase, and the DNA was
allowed to circularize. Individual clones were iso-
lated and the position of the insertion in each clone
was determined by restriction enzyme mapping and
DNA sequence analysis. Viral sequences containing
an insertion downstream of the primer binding site
(at about nt 150) were excised from the vector and
used to replace the corresponding wild-type fragment
of plasmid pNCA, containing a complete proviral DNA
(Colicelli and Goff, 1985). The set of 14 mutants in-
cludes insertions scattered throughout the 59 region
(Fig. 1).
Each mutant DNA was tested for its ability to initiate
viral spread in NIH/3T3 cells. Cultures were trans-
FIG. 1. Positions and resulting phenotypes of linker insertion mutations in the c region of Moloney MuLV. The upper line indicates the positions
of the R, U5, primer binding site (PBS), splice donor (S/D), and the coding region for the glycosylated Gag protein gPr80gag. Each mutation is indicated
by a triangle. The mutants are numbered by the nucleotide position of the insertion, with the 59 cap of the RNA as position 1. Some inserts were
accompanied by duplication or loss of a small number of nucleotides at the point of insertion, as indicated by the suffix number. The phenotype of
each mutant is indicated by the shading as fully viable (open), impaired or delayed for replication (shaded), and replication-defective (black). The scale
indicates the nucleotide position. The position of the inverted repeat sequences that form the stems of stem-loops C and D are indicated at the bottom
(slC and slD).
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formed with DNA by the DEAE–dextran method, induc-
ing the transient expression of the provirus, and the
spread of virus was monitored on successive days by
assaying for the release of virion-associated reverse
transcriptase activity into the culture medium. Each
mutant was tested several times, always in parallel
with the wild-type control for comparison (representa-
tive tests of each mutant are shown in Fig. 2; the
summary is presented in Fig. 1). The wild-type DNA
typically initiated viral spread that was detectable by
RT assays after 3–5 days. Seven of the mutant DNAs
induced the formation of virus that spread throughout
the culture with kinetics similar to that of the wild-type
DNA. These seven included insertions near the primer
binding site (in163) as well as further downstream (Fig.
1). Five of the DNAs induced the release of infectious
virus, but the time of appearance of RT activity was
significantly delayed (by 3–5 additional days). These
mutants included insertions in stem-loops C and D.
Thus, structures important for virus replication were
apparently localized in these stem-loops. Finally, two
of the mutant DNAs were completely inactive and did
not induce detectable virus even after 2 weeks. These
two mutants carried insertions near the splice donor
site.
A series of deletion mutants was also studied. Sev-
eral of the cloned DNAs arising after mutagenesis
contained an inserted XbaI site, but also contained a
deletion at the site of the insertion. These mutations
can arise if linkers are added to linear DNAs that were
cleaved more than once by the restriction digest dur-
ing linearization and were therefore less than full-
length. In addition, a small number of similar deletion
mutations was generated by assembling DNA frag-
ments from the existing panel of linker insertion mu-
tants. A total of nine of these mutations were mapped,
characterized by sequence analysis, and transferred
to pNCA (Fig. 3). These mutants were also tested for
biological activity; NIH/3T3 cells were transfected and
the kinetics of virus spread was monitored by RT as
before (Fig. 4). The results of these tests are presented
in Fig. 3. Two mutants with deletions at the 39 and 59
borders of the c region (dl238-62-in14, and dl385-12)
were fully viable and replicated with kinetics similar to
those of the wild-type virus. These mutations define
the outer limits of the essential sequences. Five other
mutant DNAs with deletions affecting one or the other
of stem-loops C and D gave rise to replicating virus,
but did so with a delay of 3–5 days relative to the
wild-type. Three of the mutants, with deletions remov-
ing the entire C and D structures or removing one side
or the other of stem-loop D, did not yield any detect-
able virus.
These results confirm the importance of stem-loop D,
and to a lesser extent stem-loop C, in virus replication.
Small alterations in these structures were tolerated to
FIG. 2. Replication kinetics of linker insertion mutants as monitored by released RT activity. NIH/3T3 cells were transfected by each of the mutant
DNAs and the culture medium was collected on subsequent days. Virus levels were determined by RT assay using a homopolymer substrate. Each
panel (A–E) represents a separate transfection. Mock, no viral DNA. NCA, wild-type viral DNA control. The times when the cultures were split (1:5)
are indicated. In each experiment, the time of appearance of replicating virus should be compared with the wild-type standard included with that
transfection.
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some extent, with significant delays in the rate of viral
spread, but drastic changes led to complete loss of
viability. The important region could be localized to nt
300–385 by these analyses.
Analysis of the viral DNA after replication: Stability of
the mutant genomes
Retrovirus mutants with a reduced rate of replication
have the potential to revert either by point mutation
(Blain et al., 1995) or by recombination with endoge-
nous retrovirus-like elements (Schwartzberg et al.,
1985; Colicelli and Goff, 1987). If the original mutations
were lost during replication, we might underestimate
the true inhibitory effects of the mutations. To test
whether the original insertions were stably retained,
the viral DNAs of those mutants that did replicate were
examined directly. Virus was collected from cultures
transfected with each of the viable mutants and each
of those mutants showing delayed replication kinetics,
and used to infect fresh NIH/3T3 cells without dilution.
The unintegrated viral DNA was isolated after 24 h and
analyzed by gel electrophoresis and Southern blot
(Fig. 5). In all cases, unintegrated viral DNA was
readily detected in the Hirt extracts, although there
was a wide range of levels of DNA recovered among
the mutants. The presence of the inserted XbaI site or
the deletion was verified by digestion by XbaI plus
XhoI followed by Southern blot analysis (Fig. 5). Cleav-
age by these enzymes yields a characteristic 1.7-kb
fragment spanning the 59 end of the genomic DNA,
and further cleavage of this fragment by XbaI is readily
detected. In all cases where the mutation contained an
inserted site, the XbaI site marking the original muta-
tion was fully retained in the DNA, suggesting that the
FIG. 3. Locations and resulting phenotypes of deletion mutations in the c region of Moloney MuLV. Upper line indicates the features of genome.
The position and length of the bars indicates the sequences deleted in each mutant. Triangles at the ends of some bars indicates the presence of
a linker sequence at the site of the deletion, contributed by one or both of the DNA fragments joined to generate the deletion. Mutants are named
by the starting nucleotide of the deletion, followed by the number of nucleotides deleted; inserted bases are indicated by the in suffix. The phenotype
of each mutant is indicated by the shading as fully viable (open), impaired or delayed for replication (shaded), and replication-defective (black). Scale
and stem-loops are as in Fig. 1.
FIG. 4. Replication kinetics of deletion mutants. NIH/3T3 cells were
transfected with the mutant DNAs and virus was assessed by RT
assays. Each panel (A–C) represents a separate transfection. Mock, no
viral DNA. NCA, wild-type viral DNA control. The times when the
cultures were split (1:5) are indicated.
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rates of replication detected for these viruses was a
valid reflection of the mutant phenotype.
Synthesis of viral proteins by mutant proviral DNAs
Those mutants that did not give rise to detectable
virus capable of spreading in the transformed cultures
could be defective in RNA synthesis, protein synthesis,
RNA packaging, or other steps in the life cycle. To
determine whether the replication-defective provi-
ruses could direct the synthesis of viral proteins,
clonal cell lines carrying the mutant DNAs were es-
tablished. NRK or Rat-2 cells were cotransformed with
a mixture of the viral DNA and a selectable marker
DNA by the calcium phosphate method, and individual
colonies were picked and tested for release of virion-
associated RT activity into the culture medium. Clones
positive for RT were readily recovered for all the DNAs.
Although the levels of RT varied widely from clone to
clone, even with a given mutant, there was no differ-
ence in the range of levels seen for the mutants
compared to the wild-type DNA. Thus, there was no
gross effect on protein expression or virion particle
assembly for the mutants.
Cultures that were RT-positive were expanded and
metabolically labeled with [35S]methionine and cys-
teine, lysates were prepared, and the viral proteins
were examined by immunoprecipitation, SDS–gel
electrophoresis, and fluorography (Fig. 6). Lines
expressing nearly all the mutant viral DNAs exhib-
ited normal levels of the Gag precursor protein
Pr65gag as well as the Env precursor protein Pr80env.
Although there was considerable variation in the over-
all level of expression from clone to clone, the range
of expression was similar for most of the DNAs.
Thus, the mutations in these DNAs apparently had
no major effect on the transcription of the viral ge-
nome, splicing of the viral mRNAs, or on the transla-
tion of the major structural proteins. These included
large deletions in the center of the region (dl286-98).
Thus, these mutations specifically blocked formation
of infectious virus in a posttranslational step of virus
assembly.
To examine the ability of the mutant virions produced
by these clones to initiate infection and mediate viral
DNA synthesis, NIH/3T3 cells were acutely infected with
the virus preparations, and low-molecular-weight DNA
was harvested after 24 h and analyzed by Southern blot.
The bulk of the replication-defective viruses were unable
to synthesize any detectable DNA (data not shown).
Mutant in351 1 4 was the only exception and induced
formation of all the viral DNA forms at about 1/20th the
wild-type level. These results indicate that the mutants
were likely to be defective in RNA packaging or RNA
reverse transcription.
There were two exceptions to the normal pattern of
protein expression, and for these mutants defects in
protein synthesis may be responsible for their replica-
tion defects. Mutant in215, containing an insertion
immediately downstream of the splice donor, showed
a reduced ratio of Env expression relative to Gag,
suggesting that there may be a defect in this mutant in
mRNA splicing. Mutant in184, containing an insertion
just upstream of the splice donor, produced Env pro-
tein but very low levels of Gag protein. We surmise that
FIG. 5. Southern blot analysis of unintegrated viral DNA synthesized by replication-competent virus recovered from the mutant DNAs. Cells were
acutely infected with the virus, and low-molecular-weight DNA was isolated, digested, and analyzed by gel electrophoresis and Southern blot using
a viral DNA probe.
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this mutation may affect a posttranscriptional step
required for the expression of Gag from the unspliced
mRNA. Because of its location, a plausible mechanism
of its action could be an enhanced efficiency of splic-
ing to form the Env mRNA, or a selective destabiliza-
tion of the unspliced mRNA, or a block to translation of
Gag, perhaps by impacting on the ribosomal recogni-
tion of the mRNA (Berlioz and Darlix, 1995). In spite of
this defect, some particles were assembled and re-
leased as judged by RT assays (data not shown).
FIG. 6. (A and B) SDS–polyacrylamide gel electrophoretic analysis of the viral precursor proteins synthesized by Rat2 clones expressing various
mutant M-MuLV DNAs. Cultures expressing the indicated mutants were metabolically labeled with 35S-amino acids, lysates were prepared, and viral
proteins were recovered by immunoprecipitation with anti-virion or anti-Env antisera and analyzed by PAGE and fluorography. The positions of the
Env (gp80) and Gag (p65) precursors are indicated by the arrows. The position of the bands varies only because samples were run on different gels.
The ratio of expression of Gag to Env was relatively constant for most of the mutants.
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Levels of viral RNA in the virion: Efficiency of
packaging
To assess directly the ability of the mutant RNAs to be
incorporated into virion particles, a quantitative RNase
protection assay was utilized. Virion particles were har-
vested from the stable producer cell lines and purified by
centrifugation, and the levels were normalized by mea-
surement of RT activity. RNA was extracted from the
purified virions and hybridized with an excess of a la-
beled RNA probe, and the hybrids were digested with
RNase and analyzed by gel electrophoresis (examples
shown in Fig. 7A). The amount of RNA was then quanti-
tated by scanning the gel with a beta particle imager. The
levels of viral RNA detected for each mutant, normalized
to the particle yield, were compared with the levels in
wild-type virions (Fig. 7B). Three of the insertion mutants
(in184, in215, and in287 1 4) showed modest though
significant reductions in the level of packaged RNA (3- to
5-fold). These mutations were located to the 59 side of
the two stem-loops, or in one case in the outer portion of
stem-loop C. The remaining replication-defective mu-
tants showed drastic reductions in the levels of viral RNA
(10- to 100-fold). These mutations directly affected the
stem-loops C and D, either containing linker insertions
within these structures (Fig. 1) or deleting large portions
of the structures (Fig. 3). These results confirm that
alterations in this region directly affect RNA incorpora-
tion into the virion particle.
Additional stem-loop mutations: Compensatory
changes to restore base pairing
The above studies indicated the importance of stem-
loops C and D in packaging of the RNA genome into
virions. To probe the essential features of these struc-
tures, and especially to test for the requirement for base
pairing in the stems, additional mutants were created
and analyzed for virus viability (Fig. 8A). Each mutation
was made by PCR amplification and introduced into the
full-length proviral clone. The altered DNAs were used to
transform NIH/3T3 cells as before, and the viability and
the replication rate of the mutants were assessed by
measuring the appearance of RT activity in the culture
medium. One pair of mutations was designed to alter the
formation of the stem in stem-loop D. Mutation SL355-4
changed a total of four nucleotides on the 59 side of the
stem, two at the base and two near the loop; mutation
SL367-4 also changed four nucleotides, but on the 39
side of the stem (Fig. 8A). Both of these mutants were
severely impaired in their replication, showing at least a
6-day delay in the appearance of RT compared to the
wild-type control. Mutant SL355 Comp contained both of
these two mutations and so had a restored base-pairing
potential at all four mutant sites. The resulting RNA
would be predicted to form a stem of normal length,
though with different sequence from the wild-type RNA in
the stem. This mutant replicated with kinetics indistin-
guishable from the wild-type (Fig. 8B). This result
strongly supports the existence and importance of this
stem-loop to virus replication. It further indicates that
base pairing in the stem of stem-loop D is apparently
crucial for its function and that the exact sequence of the
duplex region is not crucial.
Another pair of mutants carried alterations in the
outer stem sequences of stem-loop C. Mutant SL323-6
contained a substitution on the 59 side of the stem;
mutant SL333-5 contained a substitution on the 39 side
of the stem; and mutant SL323-Comp contained both
mutations, restoring as much as possible the normal
base pairing seen in the wild-type, with a different
sequence in the stem. The design of these mutations
was constrained by the need to minimize the potential
for new base pairing to occur, and the double mutant
did not restore the predicted base pairing perfectly.
Surprisingly, both of the parental mutants and the
double mutant all replicated as well as the wild-type,
suggesting that the outer half of the stem of stem-loop
C need not be base paired for normal function (Fig.
8C). Stem-loop C is clearly not as sensitive to muta-
tions as is stem-loop D.
In the course of generating mutant SL355-Comp, an
additional mutant was recovered containing all the ex-
pected nucleotide changes, but in addition a G-to-A
change at nt 364 in the loop. This mutant, SL355-Comp
G364A, thus contains a loop sequence of AACG instead
of the highly conserved GACG found in the wild-type
sequence. Analysis of this mutant showed it to be com-
pletely replication-defective. Thus, the loop D sequence
is likely to be very crucial to c function.
Stable producer cell lines were also generated for the
defective stem-loop mutants, using cotransformation of
Rat2 cells as before. Clones were screened for RT-pos-
itive lines, and the phenotype of the virions produced by
these clones was examined as for the linker insertion
and deletion mutants. Analysis of the lines revealed
normal synthesis of the Gag and Env proteins, with the
usual range of levels of expression seen with the earlier
mutants (examples shown in Fig. 6; all the mutants were
examined with similar results). Virions were collected,
and the levels of RNA in the particles were examined by
RNase protection assay as before. The levels of RNA
packaged by the SL355-4 and SL367-4 mutants were
very low, as expected (Fig. 7B). Thus, these quite subtle
mutations profoundly affected the incorporation of the
RNA into the virion. Since the combination of these two
mutants into the double mutant SL355 Comp was com-
pletely replication-competent, it is likely that the block to
incorporation of the two mutant RNAs was through their
effects on RNA structure rather than through other
means.
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DISCUSSION
The results obtained from these experiments suggest
that a relatively small portion of the previously defined c
region is required for the efficient incorporation of the
viral RNA into the MuLV virion. Large portions of the 59
untranslated leader seem dispensable, with no detect-
able effects of linker insertions or deletions in the region
from nt 220 to 300 on virus replication kinetics. Further,
the mutations in this region had only small effects on the
level of packaged genomic RNA. In contrast, mutations
affecting two stem-loop structures, termed stem-loops C
and D, have strong effects on virus replication. Linker
insertions in these structures caused significant delays
in the appearance of replicating virus after transfection,
and deletions of the structures either caused similar
delays or completely blocked the recovery of replicating
virus. These mutations had correspondingly strong ef-
fects on the levels of encapsidated genomic RNA, with
decreases of 10- to 100-fold below the levels seen in
wild-type virus.
The mutants therefore suggest that stem loop D, and
to some extent C, are important elements in the encap-
sidation process. These structures have been noted by
others as highly conserved elements in the mammalian
type C retroviruses (Konings et al., 1992), and have been
shown to be important for both spleen necrosis virus
FIG. 7. (A) RNase protection assay for the amount of genomic RNA incorporated into virions. Virions were purified from culture supernatants of cell
lines expressing the various mutants, and the levels of virus were normalized by RT assay. The RNA was extracted and used to protect a labeled
antisense RNA probe spanning the 59 end of the genome. Dilutions of wild-type were used as standards in each experiment. The digestion products
were analyzed by gel electrophoresis and quantitated by a scanning beta particle detection imager. (B) RNA incorporation into mutant virions. Values
are given as the percentage of wild-type control virus.
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(Yang and Temin, 1994) and murine leukemia viruses
(Mougel et al., 1996). The features that have been noted
as highly conserved include a double hairpin with the
tetranucleotide loop sequence GACG. The SL mutants
generated here support the importance of these second-
ary structures in encapsidation. The mutants that disrupt
stem D show the importance of this paired structure.
Further, and even more significantly, mutant SL355Comp
suggests strongly that a paired duplex stem is important
for stem-loop D; the sequence of the stem itself is ap-
parently flexible, so long as the sides of the stem are fully
paired. Mutant SL355Comp G364A would also suggest
that the sequence of the loop itself may be important.
The four bases of the loop may fold into a specific
structure that is recognized during encapsidation. Anal-
ogous structures have been described in phage RNAs
(Carey et al., 1983; Romaniuk et al., 1987; Schneider et al.,
1992), and it is likely that these loop nucleotides form a
highly ordered structure that is readily recognized with
high specificity by interacting proteins. Indeed, a solution
structure for the HIV NC protein in contact with an RNA
loop has been obtained that supports a sequence-spe-
cific interaction with these bases (M. Summers, personal
communication).
It is not obvious why the packaging process might
require the two stem-loops C and D with their identical
loop sequences, rather than only one. Presumably these
loops are recognized by the NC portion of the uncleaved
Gag precursor, and perhaps two loops offer a higher
affinity binding site for Gag, with the potential for coop-
erative binding. It is also possible that the need for two or
more loops reflects processes other than the mere bind-
ing of the RNA by NC, such as a reorganization of the
RNA structure by NC, or RNA dimerization. The process
of virion encapsidation of the RNA is normally closely
coupled to the dimerization of the viral RNA, and it may
be that a cooperative interaction of each RNA with the
multiple Gags present in the assembling virion can pro-
mote this dimerization.
Two of the mutations generated in this study outside
the packaging region, near the splice donor element for
the formation of Env mRNA, apparently affected virus
replication through other mechanisms. These mutations
may act by modulating the ratio of expression of the Gag
(and Gag-Pol) proteins to the Env protein, and indeed
some alterations in this ratio were observed. Increases
in the Gag/Env ratio could be attributable to decreases in
the efficiency of splicing to form the Env mRNA, and
mutations in Gag have been shown to have similar ef-
fects (Armentano et al., 1987). Decreases in the Gag/Env
ratio could be due to many mechanisms: increased splic-
ing efficiency, decreased Gag mRNA stability, or de-
creased translation efficiency of Gag mRNA. Because
translation of Gag is thought to require an internal ribo-
somal initiation site (Berlioz and Darlix, 1995), it is plau-
sible that the mutation may affect this step. These mu-
tations may also have effects on other stages in virus
replication, including the process of reverse transcrip-
tion. Some experiments showed surprisingly low levels
of unintegrated viral DNA formed by these mutants, per-
haps supporting this notion.
The process of RNA encapsidation remains rather
mysterious because we have only a limited understand-
ing of the RNA and protein structures that must interact
and even less information about nonviral participants
and the exact steps involved in the process. Although
some steps can be recreated in vitro—the assembly of
Gag proteins into large structures (Campbell and Vogt,
1995; Sakalian et al., 1996), the binding of Gag to RNA
(Berkowitz et al., 1993), and the dimerization of RNAs
(Bieth et al., 1990; Prats et al., 1990)—these steps are
only approximations of the real process, and the com-
plete packaging process can so far be assayed only in
mammalian cells. Mutational studies of viral genomes
provide a definition of the minimal sequences, and of the
most critical structures, needed for encapsidation in vivo.
These mutants will constitute reagents useful in the
future for the development of in vitro assays for these
steps.
MATERIALS AND METHODS
Construction of mutant DNAs
A very small plasmid vector was first constructed for
use in linker insertion mutagenesis to minimize the num-
ber of target sites in the vector. Plasmid pACYC184 was
cleaved with AsnI and Tth111I, the termini were blunted
with T4 DNA polymerase, and the ends ligated to form
pFSH-1, a 1.95-kb plasmid containing the origin and the
chloramphenicol resistance gene. A polylinker sequence
was excised from pUC18 with EcoRI and HindIII, blunted
with T4 DNA polymerase, and inserted into the AccI site
of pFSH-1 by ligation to the blunted linear DNA. The
FIG. 7—Continued
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FIG. 8. Structures and replication of mutants with alterations in stem-loops C and D. (A) Mutants with the altered c region sequences as indicated
were generated by PCR mutagenesis. The mutations are shown in the context of the stem-loop structure predicted for the wild-type virus. The mutant
bases are shown enlarged. (B and C) The various mutant DNAs were used to initiate virus spread in culture, and the appearance of virus was
assessed by monitoring RT levels. Two independent isolates of SL355 Comp are shown.
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resulting plasmid DNA was further modified by the in-
sertion of an ApaLI linker oligonucleotide (New England
Biolabs No. 1099) at the HincII site, creating plasmid
pCLIP-1a. This vector was used in subsequent mutagen-
esis steps.
A 400-bp fragment of M-MuLV DNA encoding the 59
untranslated portion of the genomic RNA was excised
from a wild-type proviral clone by cleavage with SmaI
plus ApaLI and cloned into plasmid pCLIP-1a. The re-
sulting plasmid, pSmapl, was subjected to limited diges-
tion by a any of a panel of frequent-cutting restriction
enzymes (AluI, DpnI, HaeIII, HgaI, MaeI, MaeII, NlaIV,
Sau96I, and ScrFI), and the full-length linear DNA was
isolated by gel electrophoresis. When necessary, the
DNA was blunted by treatment with T4 DNA polymerase,
and nonphosphorylated linkers (a 14-bp oligonucleotide,
sequence 59-CTAGTCTAGACTAG-39, containing the XbaI
site; New England Biolabs No. 1062) were added by
incubation with T4 DNA ligase at 16°C overnight. The
ligated linkers were made single-stranded by heating,
and the linear DNA was isolated by gel electrophoresis.
The DNA was allowed to circularize by annealing and
used to transform bacteria to chloramphenicol resis-
tance. Individual colonies were picked, and DNAs were
recovered and screened for the presence and the loca-
tion of an inserted XbaI site. Those M-MuLV DNA frag-
ments containing mutations were excised and used to
replace the corresponding region of pNCA, containing a
complete M-MuLV provirus.
Oligonucleotide-directed mutagenesis was performed
using a fragment of M-MuLV DNA in M13-based vectors.
A 1.0-kb fragment of M-MuLV DNA was excised from
pNCA by cleavage with EcoRI (at the left edge of the 59
LTR) plus PstI and cloned into the phage vectors MP-18
and MP-19. Single-stranded phage DNA was prepared
from the dut-, ung- Escherichia coli strain CJ236 (Bio-Rad
Laboratories, Hercules CA). Oligonucleotides (Table 1;
Genosys, The Woodlands, TX) were phosphorylated with
polynucleotide kinase, annealed to the appropriate sin-
gle-stranded DNA, and incubated with T4 DNA polymer-
ase and T4 DNA ligase under standard conditions to
extend the primer and form duplex circular DNA. The
product DNA was used to transform E. coli strain DH5a,
and the cells were plated after mixing with the F1 strain
XL-1 blue (Stratagene). Plaques were picked and the
DNA was screened by sequencing for the presence of
the desired mutations. The mutant SmaI–ApaLI fragment
was excised from the replicative form DNA and used to
replace the corresponding wild-type fragment of pNCA.
Transformation of cells by proviral DNAs and analysis
of virus replication
NIH/3T3, Rat2, and NRK fibroblasts were maintained in
Dulbeccos modified Eagle’s medium (Gibco, Grand Is-
land NY and Specialty Media, Lavallette, NJ) supple-
mented with 10% calf serum (Hyclone, Logan, UT) and 50
mg/ml gentamycin. Cells were transfected with viral DNA
using the DEAE–dextran method as previously described
(Tanese et al., 1991). Samples of culture medium were
removed at 24-h intervals and frozen at 270°C until
being assayed for reverse transcriptase (RT). Cells were
split 1:5 every 3–4 days. Culture medium was assayed
for RT activity on poly(rA):oligo(dT) homopolymer tem-
plate:primer by standard methods (Goff et al., 1981).
Stable virus-producing cell lines were established by
calcium phosphate-mediated cotransformation of Rat2
cells by a proviral DNA clone and a selectable marker
DNA, either pSV2neo or pSV-His. Recipient cells were
selected with G418 (400 mg/ml) or histidinol (5 mM).
Colonies were picked after 2 weeks, expanded into large
cultures, and screened for the release of RT.
Analysis of preintegrative viral DNAs
Virus preparations were harvested from producer cell
lines, filtered through 0.45-mm pore Acrodisc filters, and
used to infect NIH/3T3 cells at 80% confluence in the
presence of polybrene at virus dilutions normalized by
RT levels. Preintegrative DNA was harvested and puri-
fied by the Hirt procedure 24 h postinfection. DNAs were
digested by restriction enzymes, separated by gel elec-
trophoresis, blotted to Nytran paper, and probed with a
labeled viral DNA probe by standard methods (Sambrook
et al., 1989).
TABLE 1
Oligonucleotides Used in M13 Mutagenesis for Generating Stem-Loop and Deletion Mutants
Oligonucleotides for MP19
Wild-type 59-GGGTTGCGGCCGGGTGTTCCGAACTCGTCAGTTCCACCACGGG-39
SL 333-5 59-GGGTTGCGGCCGGGTGTaCCcttgaCGTCAGTTCCACCACGGG-39
SL 323-6 59-GGGTTGCGGCCGGGTGTTCCGAACTCGTCtcaagaACCACGGGTCCGCC-39
SL 323comp 59-GGGTTGCGGCCGGGTGTaCCcttgaCGTCtcaagaACCACGGGTCCGCC-39
dl309-44 59-GTCCCTGGGACGTCTCCCAGGGTT-AGATACAGAGCTAGTTAGC-39
Oligonucleotides for MP18
Wild-type 59-CGGAACACCCGGCCGCAACCCTGGGAGACGTCCCAGGGACTTCGGGGGCCG-39
SL 355-4 59-CGGAACACCCGGCCGCAAggCTGGctGACGTCCCAGGGACTTCGGGGGCCG-39
SL 367-4 59-CGGAACACCCGGCCGCAACCCTGGGAGACGagCCAGccACTTCGGGGGCCG-39
SL 355comp 59-CGGAACACCCGGCCGCAAggCTGGctGACGagCCAGccACTTCGGGGGCCG-39
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Synthesis of intracellular and extracellular viral
protein
To monitor intracellular protein synthesis, virus-ex-
pressing cell lines at near confluence in 10-cm dishes
were washed twice and starved by incubation for 30 min
with 3 ml of medium lacking cysteine and methionine
and containing 10% dialyzed calf serum. The cells were
labeled by addition of a mixture of 35S-containing amino
acids (150 mCi; Translabel, ICN Biomedicals, Irvine CA)
for 40 min. The cells were washed once and then lysed
with 2 ml of phospholysis buffer (1% Triton X-100, 0.5%
sodium deoxycholate, 0.1% SDS, 100 mM NaCl, 10 mM
sodium phosphate, pH 7.3). The lysate was precleared
with normal goat serum and Pansorbin (Calbiochem, San
Diego CA), and 1–4 ml of specific antiserum (anti-M-
MuLV virions serum, NCI No. 79S-771, or anti-Env serum,
NCI No. 81S-107)/ml of lysate was added. The complexes
were collected with Pansorbin, washed, and analyzed by
gel electrophoresis and fluorography. To monitor the
production of extracellular virion proteins, cultures were
labeled overnight and the culture medium was har-
vested. Virions were pelleted through 25% sucrose cush-
ions, resuspended, and analyzed by gel electrophoresis
and fluorography.
Measurement of virion-associated genomic RNA
Culture medium was harvested from virus-producing
cell cultures every 12 h, and virions were filtered through
0.45-mm filters and pelleted by centrifugation through a
25% sucrose cushion. The virions were resuspended in
TNE (10 mM Tris–HCl, pH 7.5, 10 mM NaCl, 1 mM EDTA).
The yield of virion particles was assessed by RT assays,
and normalized amounts of virions were used to prepare
RNA. Preparations were added to lysis buffer (100 mM
NaCl, 50 mM Tris–HCl, pH 7.5, 10 mM EDTA, 1% SDS, 50
mg/ml tRNA carrier; 100 mg/ml proteinase K) and incu-
bated at 37°C for 30 min. The samples were extracted
with phenol:chloroform (1:1) twice and the RNA was
collected after precipitation by addition of ammonium
acetate and ethanol. An antisense RNA probe specific
for the Gag portion of the genome was prepared by in
vitro transcription from a linearized plasmid containing a
small viral fragment (from the XhoI site at nt 1561 to the
EcoNI site at nt 1748). Reactions were performed using
[a-32P]CTP and T7 RNA polymerase according to the
specifications of the manufacturer (Promega Biotech.,
Madison WI). The resulting labeled RNA product (199 nt
long) was purified and mixed with viral RNA samples in
20 ml of hybridization buffer (80% deionized formamide,
0.4 M sodium acetate, 40 mM PIPES, pH 6.4, 10 mM
EDTA). The RNAs were heated to 85°C for 10 min and
then annealed at 45°C for 16 h. The samples were
diluted by addition of 250 ml of RNase buffer (200 mM
sodium acetate, 10 mM Tris/HCl, pH 7.5, 5 mM EDTA) and
digested with 1 U of RNase One (Promega) at 37°C for
1 h. The protected RNA was precipitated with ethanol
and analyzed by gel electrophoresis on denaturing 5%
polyacrylamide gels containing 7 M urea. Viral RNA
could protect a 179-nt fragment of the probe. Yields were
quantitated by a beta detector (Betascope, Betagen,
Waltham MA).
Synthesis of strong stop DNA by purified virions
Purified virions were used to perform endogenous
reverse transcription reaction in vitro. Reaction condi-
tions were as described (Tanese et al., 1991).
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